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In order to understand the possible physical nature of the newly observed resonance d∗(2380), we
calculate the real photo-absorption cross section on deuteron contributed by the resonance d∗ by
considering the electromagnetic transition amplitude of γ+d→ d∗(2380). In our interpretation, the
d∗(2380) is regarded as a compact six-quark system with mainly two components of ∆∆ and hidden-
color clusters C8C8. We find that only the next-to-leading terms contribute the γ+d→ d∗(2380) and
the obtained photo-absorption cross section is quite small which is in the order of 10 nb. Compared
with data measured at ELPH and Mainz recently, it is almost about 20 times smaller.
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I. INTRODUCTION
Since dibaryon states were proposed more than half century ago, their existence has become one of the
most interest issues of hadronic physics. Among various dibaryon states, H particle and d∗ were involved
most. In particular, the d∗ state has been explicitly studied by different approaches from the hadronic
degrees of freedom to the quark degrees of freedom, and the obtained binding energy was ranged from
a few MeV to several hundred MeV. Searching for such an interesting state has also been considered
as one of the aims in several experimental projects. However, no convincing results were released until
2009. After that, a series of experimental studies for d∗ was carried out in the analysis of ABC effect by
CELSIUS/WASA and WASA@COSY Collaborations [1–4]. Various double-pion and single-pion decays,
including invariant mass spectra, Dalitz plots, Argon plots, in the pn and pA reactions, the analyzing
power of the neutron-proton scattering and etc., have been measured and analyzed. It was found that
the experimental results cannot be simply understood by the contribution either from the intermediate
Roper excitation or from the t-channel ∆∆ effect, except introducing an intermediate new resonance.
Then, the discovery of a new resonance, with a mass (width) about 2370 ∼ 2380 MeV (70 ∼ 80 MeV)
and the quantum numbers of I(JP ) = 0(3+), was announced [1–4]. It is believed that such a state
is just the d∗ state which has been hunted for several decades due to its baryon number being 2. In
general, it can be explained by either ”an exotic compact particle” or ”a hadronic molecule state” (see
the review article of Ref. [5]).
One may reasonably expect that the threshold (or cusp) effect may not be so significant in the d∗ case
as in the XYZ particles due to the fact that the observed mass of d∗ is about 80 MeV below the ∆∆
threshold and about 70 MeV above the ∆πN threshold [6–8]. If d∗ does exist, it contains at least 6 light
quarks, and it is also much different from the XYZ particles which contain heavy flavor.
2Up to now, many theoretical models for the structure of d∗ have been developed or proposed. There
are mainly two structural schemes which attract considerable attention of community. One assumes that
the d∗ state has a compact structure, and may be an exotic hexaquark dominated state whose mass is
about 2380− 2414 MeV and width about 71 MeV, respectively [9–16]. Some quark models calculations
for the dibaryon d∗(2380) are also referred to [17, 18]. The other one, in order to explain the upper limit
of the single-pion decay width of d∗ [19], proposes that the d∗ state is basically a molecular-like hadronic
state [20], which originates from a three-body ∆Nπ resonance assumption, where the pole position of the
resonance locates around (2363± 20) +i(65± 17) MeV [21, 22], and a D12π molecular-like model, where
the mass and width of the resonance are pre-fixed to be 2370 MeV and 70 MeV, respectively [23, 24].
Although some of the experimental data, like its mass and double pion decays, can be explained by using
either scheme, the described structures of d∗ are quite different. Therefore, it is necessary to seek some
other physical observables which would have distinct values for the different interpretations so that with
the corresponding measured experimental data one would be able to justify which one is more reasonable.
It is known that the electromagnetic form factors are the indispensable physical quantities to show the
internal structure of a complicated system. The electromagnetic form factors of a nucleon, for example,
provide the charge and magnetic distributions inside the nucleon. The accurately measured charge radius
of the proton may justify the structure of the nucleon. Consequently, the electromagnetic form factors of
a the higher spin particle are also a discriminating quantity for different approaches. In particular, for the
d∗ state, if there is a considerably large hidden-color component (HCC) in it, we have found that, although
such a component does not contribute to its hadronic strong decay in the leading-order calculation, it
plays a rather important role in the charge distribution calculation [13–15, 25], and the obtained charge
distribution with a compact 6-quark scenario is quite different from that having a D12π (or ∆πN) struc-
ture [25, 26]. Other physical quantities, like the d∗ production in the e+e− annihilation, and constituent
quark counting rule in the high energies may also provide some other information for its structure [27, 28].
Another physical quantity to explore the structures of the nucleon excitations, is the electromagnetic
transition amplitudes in the γ-nucleon (γ-N) interaction, such as the γN → N∗ process. There are
many calculations for the electromagnetic transition amplitudes of the nucleon excitations in the γN
process, for example in γ N → ∆(1232), γN → S11(1535), and γN → D13(1520) et al. [29–40]. Those
amplitudes can also tell the nature of those nucleon resonances. However, to extract them, one has
to measure the physical process, such as pion photo-production, or meson photo-production [41–45].
It is also possible to get the information of the transition amplitudes from the photo-absorption cross
section on the nucleon target [46–50]. There are some experimental data on the cross sections of the
photo-absorption for the 1H , 2H , and 3He [51, 52] targets and also for some nuclei of Li, Be, C, Al,
Pb, Sn, and U [53–55], which can tell the nuclear medium effects.
Analogy to the study of the transverse helicity amplitudes, like A1/2 and A3/2 of ∆ resonance in
γ + N → ∆, here, we show a model-dependent calculation for the real photo-absorption cross section
on the deuteron at the d∗ energy region. The contribution by the d∗ resonance for γ + d → d∗, which
is directly associated with the matrix elements of the electromagnetic interaction, is explicitly shown.
It should be stressed that in the single baryon (three-quark system) case, the transition amplitudes are
contributed by tree (or leading) diagrams due to the photon-quark coupling. But, in the d∗ case, the
amplitudes are obtained from the contributions of sub-leading diagrams, which is very similar to those
3in the case of the single-pion decay of d∗ [16] due to the fact that the deuteron is mainly composed of
a proton and a neutron, whereas the d∗(2380) resonance is made up of about 31% ∆∆ configuration
and about 69% C8C8 hidden-color configuration in our scenario. It should be mentioned that a very
recent analysis [56] shows that the experiment of intense photoinduced reaction on deuteron can provide
abundant information for the structural characteristics, such as the size, the magnetic dipole and
quadrupole moments, as well the deformation, of d∗.
This paper is organized as follows. In Sect. II, the hypothetic structure and the corresponding wave
function of the d∗ resonance in the extended chiral SU(3) constituent quark model is briefly introduced.
Sect. III is devoted to the calculation of the matrix elements of the electromagnetic interaction for the
process γ + d→ d∗. The relevant photo-absorption cross section on deuteron contributed by d∗ is given
in Sect. IV. Finally a short summary is presented in Sect. V.
II. STRUCTURE AND WAVE FUNCTION OF d∗(2380) IN THE EXTENDED CHIRAL
CONSTITUENT QUARK MODEL
In 1999, a ∆∆ + C8C8 structure of the d
∗ state with
(
I(JP )) = (0(3+)
)
(where I, J , P are isospin,
spin, and parity of the system, respectively,) was proposed in Ref. [9] and its binding energy and
root mean square radius (RMS) were predicted. Recently, a series of sophisticated calculations on the
structure and decay characteristics of d∗ had further been performed, and the obtained mass, all the
partial decay widths and total width of d∗ are all consistent with the observed data. Then, a picture
of a compact structure, an exotic hexaquark dominated state, was deduced [9, 11–15, 25]. In order
to make this conclusion more meaningful, a so-called extended chiral SU(3) constituent quark model
(ECCQM) that provides the basic effective quark-quark interactions caused by the exchanges of the
chiral fields, including pseudo-scalar, scalar and vector mesons, and one gluon, as well as by the quark
confinement, was employed in the dynamical calculations and in the quark degrees of freedom. In terms
of this ECCQM, in which the model parameters are determined by the stability conditions and the
masses of the ground state baryons, the static properties of baryons, the binding energy of deuteron, the
phase shifts of the N -N scattering and the cross sections of the N-hyperon (N-Y) interactions can be
well reproduced showing the predictive power of ECCQM [57, 58].
Specifically, the structural calculation was carried out in the well-established Resonating Group Method
(RGM), which has frequently been applied to the studies of nuclear physics and hadronic physics, es-
pecially where the clustering phenomenon does exist [59–68]. In our compact structure, the trial wave
function of this six-quark system with two-configuration, ∆∆ and C8C8, can be written as
Ψ6q = A
[
φˆA∆
(
~ξ1, ~ξ2, µ
A
∆
)
φˆB∆
(
~ξ4, ~ξ5, µ
B
∆
)
η∆∆(~r) (1)
+φˆAC8
(
~ξ1, ~ξ2, µ
A
C8
)
φˆBC8
(
~ξ4, ~ξ5, µ
B
C8
)
ηC8C8(~r)
]C=(00)
S=3,T=0
,
where S, T and C represent the quantum numbers of the spin, isospin and color, A = 1−
∑
i(∈A), j(∈B)
POSFCij is
an anti-symmetrization operator with POSFCij denoting the exchange operator which exchanges the i-th
quark belonging to the cluster A and j-th quark pertaining to the cluster B in the orbital, spin, flavor
and color spaces, φˆ
A(B)
∆(orC8)
depicts the anti-symmetrized internal wave function of the three quark cluster
4A(B) for either ∆ or C8 with ~ξi (i = 1, 2 (4, 5)) being its internal Jacobi coordinates, µ
A(B)
∆(orC8)
stands
for an aggregate of the quantum numbers of the spin, isospin and color of the cluster A(B) for either ∆
or C8 with [S , I ,C ]∆(C8) = [3/2, 3/2, (00) ( (3/2, 1/2, (11) ) ) ] for the ∆(C8) cluster, and η∆∆(C8C8) is
the relative wave function between the A and B clusters. η∆∆(C8C8) can be determined by dynamically
solving the RGM equation [11, 12]. The reason for including a C8C8 hidden-color configuration is that
as energy increases, the two ∆ clusters can get closer, and they may be excited into two-colored clusters,
and the two colored cluster can form a color singlet state. Consequently, such an additional configuration
is QCD-allowed in enlarging the Fock space for a better description of the two-baryon system. In fact,
this kind hidden-color configuration has frequently been employed to study structures of exotic hadrons,
such as tetraquarks [69–75].
However, the resultant wave functions of the two configurations shown in Eq. (1) are not orthogonal
to each other. Physically, it means that the obtained ∆∆ wave function does not only include the contri-
butions from the non-hidden-color component, but also contains those from the hidden-color component
due to the antisymmetrization operation. To orthogonalize the wave functions of these two configurations
and make the numerical calculations much simplified and feasible without missing most of the important
effect of anti-symmetrization, we further simplify the RGM wave function of the system by using the
channel wave function with the projection procedure. This method is often used in nuclear physics and
hadronization in hadron physics [76–78]. Finally, we modify Eq. (1) as an effective wave function as
|d∗(Sd∗ = 3,md∗) > =
∑
ch=∆∆,C8C8
∑
pw=S,D
[
|ch >MS χ
pw,ml
ch (~r)
]
Sd∗=3,md∗
(2)
with ch = ∆∆ and C8C8 denoting the constituents of the configuration, md∗ representing the magnetic
quantum number of spin Sd∗ , pw = l = 0 and 2 depicting the S and D partial waves (pw) between the
two clusters, respectively, and ml being its magnetic quantum number. Now, these four channel wave
functions are orthogonal to each other. There are two points should be mentioned: (1) This treatment
is just an approximation. The inaccuracy of such effective wave function is expected to be about 20%
compared to the wave function obtained in the rigorous RGM dynamical calculation. This is because
that due to the anti-symmetrization procedure, more configurations other than the initially selected
∆∆ and C8C8 that span our model space are generated. Considering the uncertainty in the constituent
quark model caused by non-perturbative QCD (NPQCD), we believe that the contribution from those
spare configurations is not so important. (2) The D-wave is ignored in the calculations for the strong
decay and charge distribution, because it is negligibly small. However, it may contribute to the higher
multi-pole form factors, such as E2, and M3 since those values are closely related to the matrix elements
of the high-rank operators [26]. The more detailed information about the wave function of d∗ is referred
to Ref. [25, 79].
III. ELECTROMAGNETIC TRANSITION FORM FACTORS OF γ + d→ d∗(2380)
When one deals with the transverse transition amplitudes of the nucleon excitations, like ∆(1232),
P11(1440), S11(1535), andD13(1520), in the process of γN → N
∗, the spin projection of the initial nucleon
(spin-1/2 particle) can be antiparallel and parallel to the spin projection of the incoming photon (ǫγ =
+1), and therefore we have two transition amplitudes A1/2 and A3/2 (or two helicity amplitudes in the
real photon case Q2 = 0), respectively. Those amplitudes are the matrix elements of the electromagnetic
5interaction. When we discuss the electro-production amplitudes, the virtual photon is considered and the
longitudinal transition amplitude S1/2 should be included as an additional transition amplitude, except
for the two transverse ones. In the three constituent quark model for baryons, these three amplitudes are
usually calculated in the Breit-frame, and the momentum and energy of the incoming photon are defined
as [32, 33]
k2 =
(Q2 +M2N +M
2
X)
2 − 4M2NM
2
X
Q2 + 2(M2N +M
2
X)
, k0 =
√
M2X +
~k2
4
−
√
M2N +
~k2
4
, (3)
where, MN and MX are the masses of the nucleon and nucleon excitation, and Q
2 = −(k20 −
~k 2) depicts
the squared momentum transfer.
Analogy to the calculation of transition amplitudes of γN → N∗, we perform a calculation for the
transition of γd → d∗. Here we employ the Breit frame as well, where the incoming photon has a
four-momentum k = (k0, ~k), then the initial deuteron and final d
∗(2380) have three-momentum of
−~k/2 and ~k/2, respectively. We also assume that the deuteron can be reasonably regarded as a weakly
bound state of a proton and a neutron, and our d∗ is mainly composed of two components, one is a
hidden-color cluster C8C8 (with a large fraction of about 69%) and a ∆∆ cluster with a relatively small
fraction of about 31%. Therefore, in the calculation of the γd→ d∗ transition, or of the matrix element
of the electromagnetic interaction between the initial deuteron and final d∗, photo-deuteron in the
leading-order approximation cannot directly reach to the final d∗ state, and its contribution vanishes.
Then, we have to consider next to leading-order (NLO) terms, where exist the intermediate nucleon
state and the pion exchange between the two clusters. This feature is similar to our calculation of the
single pion decay partial width of d∗ [16]. The possible diagrams of the NLO contribution where the
photon couples directly to the upper cluster are drown in Fig. 1 and the momenta are those in the known
Breit frame. Of course, the similar diagrams where the photon couples directly to the lower cluster also
contribute, and these contributions are included in the calculation as well. Figs. 1 (a,b,c) and Figs. 1
(d,e,f) exhibit that the incoming photon acts on the upper cluster before and after one-pion-exchange
occurs, respectively.
In the case of γ+d→ d∗ where the deuteron is the target, since the initial deuteron is a massive spin-1
particle with three spin projections, we have three independent transition amplitudes, two transverse
amplitudes with the deuteron polarizations antiparallel and parallel to the incoming real photon, and
one amplitude with the longitudinal polarization of the initial deuteron. Then, the transition amplitudes
of the deuteron contributed by d∗ are A(md) (with md = ±1, 0 being the spin polarizations of the
deuteron). So, in the real photon limit, in terms of our model wave function, we can investigate the
helicity amplitudes Amd , and consequently the total photoabsorption cross section contributed by d
∗.
Of course, the γ+d→ d∗ process can also be studied in terms of the multipoles. For the γN → ∆ tran-
sition, with Ji = 1/2 and Jf = 3/2 being the angular moments of the initial state N and the final state ∆,
we haveM1 and E2 multipole transitions, since the relation of | Jf −Ji |≤ L ≤ Jf +Ji gives L = 1 and 2
with L denoting the order of the multipole transition and parities of the initial nucleon and final ∆ being
both positive (see Refs. [34, 80, 81] for details). For the process of γ + d(1+)→ d∗(3+) concerned, if we
assume d and d∗ as point particles, the above relation gives L = 2, 3 and 4, which link to E2, M3 and
E4 multipole transitions, respectively. One can obtain the connections between the helicity amplitudes
and multipole transitions from simplified physical arguments. The E2 (2+) transition happens when the
6projections of photon’s spin (Jγ = 1) and angular momentum (lγ = 1 with lγ = L − 1 in the electric
L-pole (EL) transition) are aligned to that of the deuteron total spin (md = +1), and the E4 (4
+)
transition appears when both the projections of photon’s spin (Jγ = 1) and angular momenta (lγ = 3)
are antiparallel to that of deuteron total spin (md = −1). In addition, the M3 transition is clearly asso-
ciated to the md = 0 state. Details for the transition Lagrangian of γ+d→ d
∗ can be referred to Ref. [82].
d
∗
(
~q
/
2
)
γ(~q)
N(−~q/4 + ~k)
N(−~q/4− ~k)
∆(3~q/4 + ~k − ~p)N∗(3~q/4 + ~k)
π(
~p)
+
∆(−~q/4− ~k − ~p)
d
(
−
~q
/
2
)
(a)
d
∗
(
~q
/
2
)
γ(~q)
N(−~q/4 + ~k)
N(−~q/4− ~k)
π(~p)
∆(3~q/4 + ~k − ~p)
∆(−~q/4− ~k + ~p)
d
(
−
~q
/
2
)
N∗(3~q/4 + ~k)
(b)
d
∗
(
~q
/
2
)
γ(~q)
N(−~q/4 + ~k)
N(−~q/4− ~k)
π(
~p)
∆(3~q/4 + ~k + ~p)
∆(−~q/4− ~k − ~p)
d
(
−
~q
/
2
)
N∗(3~q/4 + ~k)
(c)
d
∗
(
~q
/
2
)
γ(~q)
N(−~q/4 + ~k)
N(−~q/4− ~k)
π(~p)
∆(3~q/4 + ~k − ~p)
∆(−~q/4− ~k + ~p)
d
(
−
~q
/
2
)
(d)
d
∗
(
~q
/
2
)
γ(~q)
N(−~q/4 + ~k)
N(−~q/4− ~k)
π(~p)
∆(3~q/4 + ~k − ~p)
∆(−~q/4− ~k + ~p)
d
(
−
~q
/
2
)
(e)
d
∗(~q
/
2
)
N(−~q/4 + ~k)
γ(~q)
N(−~q/4− ~k)
π
(~p
)
∆(3~q/4 + ~k + ~p)
∆(−~q/4− ~k − ~p)
d
(
−
~q
/
2
)
(f)
FIG. 1: Feynman diagrams for γd→ d∗, where the thick blue line stands for the intermediate states of the N and
∆, and the momenta are those in the Breit Frame. Here, only the diagrams where the photon couples directly to
the upper cluster are explicitly drawn.
Now, let’s return to the framework of the helicity amplitudes. In the non-relativistic approximation,
7the matrix elements for Fig. 1 (a,c,f) can be written as
AInt.(a,c,f)(md) =
√
8π
15
∑
Int.=N,∆
[
M γN→Int.
]
2ωp(2π)3
[
T Int.
]
(a,c,f)
[
SInt.(md)
]
(a,c,f)
×
∫
d3pd3k ×Ψd(k)Ψ
∗
d∗
(~q
2
+ ~k + ~p
)[
DInt.(a,c,f)
][
CInt.(a,c,f)
]
p2Y20(Ωp), (4)
where the superscript ”Int.” specifies the considered intermediate state N or ∆, Ψd(d∗) is the wave func-
tion of the deuteron (d∗),
[
T Int.
]
(a,c,f)
represents the isospin factor of Figs. 1(a,c,f),
[
SInt.(md)
]
(a,c,f)
denotes the spin factor with the projection md of the spin of deuteron (the polarization of real photon
has been chosen as ǫγ = +1), and
[
M γN→Int.
]
stands for the convention electromagnetic transition
amplitude of a three-quark nucleon in the process of γN → N∗, which has already been calculated
in the constituent quark model, and its explicit forms can be found in Refs. [32, 33, 83]. The energy
denominators in eq. (4) can be expressed as
DInt.a =
1
[q0 + Ed(−~q/2)]− [E
(1)
∆ (3~q/4 +
~k − ~p) + ωpi(p) + E
(2)
N (−~q/4−
~k)]
(5)
×
1
[q0 + Ed(−~q/2)]− [EInt.(3~q/4 + ~k) + E
(2)
N (−~q/4−
~k)]
,
DInt.c =
1
[q0 + Ed(−~q/2)]− [EInt.(3~q/4 + ~k) + ωpi(p) + E
(2)
∆ (−~q/4−
~k − ~p)]
(6)
×
1
[q0 + Ed(−~q/2)]− [q0 + E
(1)
N (−~q/4 +
~k) + ωpi(~p) + E
(2)
∆ (−~q/4−
~k − ~p)]
,
and
DInt.f =
1
[q0 + Ed(−~q/2)]− [q0 + EInt.(−~q/4 + ~k + ~p) + E
(2)
∆ (−~q/4−
~k − ~p)]
(7)
×
1
[q0 + Ed(−~q/2)]− [q0 + E
(1)
N (−~q/4 +
~k) + ω(~p) + E
(2)
∆ (−~q/4−
~k − ~p)]
,
respectively, and the product of the strong transition coupling of πB → B′ in eq. (4) for the corresponding
sub-diagrams can be denoted by[
CInt.a,c
]
= MN(2)→pi∆(2) ×MN∗pi→∆(1) ,
[
CInt.f
]
=MN(2)→pi∆(2) ×MN(1)pi→N∗ . (8)
In Eqs. (5-7), the superscripts ”(1)” and ”(2)” stand for the upper and lower ∆ clusters. In the
constituent quark model, those couplings in eq. (8) have been explicitly discussed in Refs. [83, 84].
Similarly, the matrix elements for the latter three subdiagrams in Figs. 1(b), 1(d), and 1(e) in Fig. 1
are written as
AInt.(b,d,e)(md) =
√
8π
15
∑
I=N,∆
[
MγN→Int.
]
2ω(2π)3
[
T Int.
]
(b,d,e)
[
SInt.(md)
]
(b,d,e)
×
∫
d3pd3kΨd(k)Ψ
∗
d∗
(~q
2
+ ~k − ~p
)[
DInt.(b,d,e)
][
CInt.(b,d,e)
]
p2Y20(Ωp), (9)
8with
DInt.b =
1
[q0 + Ed(−~q/2)]− [EInt.(3~q/4 + ~k) + ωpi(p) + E
(2)
∆ (−~q/4−
~k − ~p)]
(10)
×
1
[q0 + Ed(−~q/2)]− [EInt.(3~q/4 + ~k) + E
(2)
N (−~q/4−
~k)]
,
DInt.d =
1
[q0 + Ed(−~q/2)]− [E
(1)
∆ (3~q/4 +
~k − ~p) + ωpi(p) + E
(2)
N (−~q/4−
~k)]
(11)
×
1
[q0 + Ed(−~q/2)]− [q0 + EInt.(−~q/4 + ~k − ~p) + ωpi(~p) + E
(2)
N (−~q/4−
~k)]
,
and
DInt.e =
1
[q0 + Ed(−~q/2)]− [q0 + EInt.(−~q/4 + ~k − ~p) + E
(2)
∆ (−~q/4−
~k + ~p)]
(12)
×
1
[q0 + Ed(−~q/2)]− [q0 + EInt.(−~q/4 + ~k − ~p) + ω(~p) + E
(2)
N (−~q/4−
~k)]
,
and [
CInt.b
]
= MpiN(2)→∆(2) ×MN∗→pi∆(1) ,
[
CInt.d,e
]
=MpiN(2)→∆(2) ×MN(1)→N∗pi, (13)
Finally, the total electromagnetic transition amplitude is summarized as
A(md) =
f∑
i=a
∆∑
Int.=N
AInt.i (md). (14)
The relevant isospin and spin factors of
[
T Int.
]
a,b,c,d,e,f
and
[
SInt.(md)
]
a,b,c,d,e,f
in eqs. (4) and (9) are
given in Tables I and II. It should be mentioned that the spin factor here includes all the necessary
high-partial wave contributions due to the intermediate pion exchange in Fig. 1. For instance, in a case
with the simplest E2 transition and the S-wave pn configuration of d, when one of the nucleon in d is
excited by a photon to N∗ leaving another nucleon as a ”spectator”, the only allowed nucleon resonance
is N∗(5/2+). However, due to the pion-exchange in the time-ordered diagram, the nucleon can be excited
to N∗(1/2+) in D-wave to another nucleon, leaving the total spin of d∗ being 3. Namely, in our numerical
calculation, the small D-wave component in the relative wave functions of the deuteron (5 − 6%) and
d∗ (about 0.5 − 0.6% in the ∆∆ configuration and about 0.0 − 0.02% in the C8C8 configuration) are
explicitly taken into account (see for example Ref. [26] for the D-wave of d∗).
TABLE I: Isospin factor
[
IInt.
]
(a,b,c,d,e,f)
.
Intermediate state
[
IInt.
]
(a,b,c)
[
IInt.
]
(d,e,f)
Int. = N, T Int. = 1/2 −
√
2 0
Int. = ∆, T Int. = 3/2 0 −
√
3
2
9TABLE II: Spin factor
[
SInt.
]
(a,b,c,d,e,f)
with B2(md) = C
3,(md+1)
1,1;2,md
C1,md2,0;2,md and B3(md) = C
3,(md+1)
1,1;3,md
C1,md2,0;3,md ,
respectively.
Intermediate state
[
SInt.(md)
]
(a,b,c)
[
SInt.(md)
]
(d,e,f)
Int. = N, SInt. = 1/2
√
2
9
[
B2(md)−
√
2B3(md)
]
1
2
√
10
3
B2(md)
Int. = ∆, Sint. = 3/2
√
5
6
[√
2B2(md) +
8
5
B3(md)
]
−
√
28
25
B3(md)
IV. PHOTO-ABSORPTION CROSS SECTIONS ON DEUTERON IN d∗ ENERGY REGION
It is well known that the photon-absorption cross sections on a nucleon can provide transparent infor-
mation for the nucleon resonances, such as their transition amplitudes. There have been many analyses
of the real photon-absorption cross sections in the energy region from the pion photo-production point
to 2 GeV [46–50]. Unlike the case of the three-quark nucleon, there are three spin-dependent photo-
absorption cross sections on the polarized deuteron with the polarization of σmd (with md = ∓1, 0),
namely, they are the absorption cross sections corresponding to the polarized photon with the helic-
ity being antiparallel and parallel to the transversely polarized deuteron and that to the longitudinally
polarized deuteron, respectively. Therefore, the photon-absorption cross sections (Q2 = 0) from the
contribution of a resonance can be calculated by [46]
σres.(W ;md) =
∑
R
2Md
W +MR
R(W,Γ)
∣∣A(W ;md)∣∣2, (15)
where
∑
R means the summation over all the resonances in the energy region, W is the center-of-mass
energy, and Γ is the total decay width of the resonance. In the low-Q2 range, it is adequate to represent
the resonance shape by a simple non-relativistic Breit-Wigner form of R(W,Γ)
R(W,Γ) =
Γ
(W −MR)2 + Γ2/4
, (16)
where Md, and MR stand for the masses of deuteron and d
∗(2380), respectively. The total photo-
absorption cross section on deuteron from the contribution of the d∗(2380) resonance can be written
as
σres.(W ;T ) =
1
3
(
σres.(W ;md = +1) + σ
res.(W ;md = 0) + σ
res.(W ;md = −1)
)
. (17)
At the resonant point of W =WR, it can be further expressed as
σres.(W =MR;T ) =
4
3
Md
WRΓ
(
|A(MR;md = +1)|
2 + |A(MR;md = 0)|
2 + |A(MR;md = −1)|
2
)
. (18)
Based on the electromagnetic matrix elements obtained in Sect. III, the photo-absorption cross sections
on deuteron provided by the contribution of the d∗ resonance can be calculated, and corresponding results
are plotted in Fig. 2.
In this figure, we find that the contribution from d∗ to the real photon-absorption cross sections
is in the order of ten nano-barn (nb) at the resonant point of d∗. The total estimated cross sec-
tion is about σd
∗
(Md∗ ;T ) ∼ 9.35 nb, and the σ
d∗(Md∗ ;md) are 9.92 nb, 11.56 nb, and 6.49 nb
10
2.35 2.4
W(GeV)
0
5
10
15
20
σ
d*
(W
; T
)/(
nb
)
2.35 2.4
W(GeV)
0
5
10
15
20
σ
d*
(W
;m
d)/
(n
b)
md=+1
md=0
md=-1
FIG. 2: Total photon-absorption cross section σd
∗
(W ;T ) on the deuteron target in the d∗ resonance region (left),
and the individual contributions σd
∗
(W ;md) with md = 1, 0,−1 deuteron target (right).
for md = +1, 0,−1, respectively. The corresponding helicity amplitudes of the transition are
| A1 |= 0.754 × 10
−3 GeV−1/2, | A0 |= 0.812 × 10
−3 GeV−1/2, and | A−1 |= 0.608 × 10
−3 GeV−1/2,
respectively. Those transition amplitudes are much smaller than the helicity amplitudes of ∆(1232)
resonance (A∆1/2 = (−141 ± 5) × 10
−3 GeV−1/2, A∆3/2 = (−258 ± 19) × 10
−3 GeV−1/2). Moreover, the
photon-absorption cross section on deuteron from the contribution of d∗ in our scenario is almost 5 − 6
orders of magnitude smaller than that of about 500 µb on nucleon from the contribution of ∆ resonance
(see for example Ref. [49]). The reasons for the remarkable suppression are the following: 1) The lowest
non-vanishing diagrams shown in Fig. 1 are in the next-leading order, since the incoming photon excites
one of the nucleon to the ∆ resonance and another ∆ should emerge by exciting another nucleon via
the one pion exchange, which is similar to the diagrams given in [85]. 2) The wave function of d∗ in
our suggested structural model contains two components, ∆∆ and C8C8, and the probability of the
former is only about 1/3 of the total. 3) Even in the ∆∆ case, the effect that one of the ∆s is bound
by another ∆ makes the amplitude suppressed. 4) The constituent quark model is not good enough to
explain the extracted transition amplitudes A1/2,3/2, even for the ∆ resonance, from the experimental
measurements. It can only reproduce about 2/3 of the data. One expects that the pion meson cloud
might play an important role in understanding the data [40, 86–90]. In addition, our obtained A±,0 are
complex numbers, unlike the real number in the tree diagram calculation for a single nucleon excitation.
It should be mentioned that several experiments on the γd at the d∗ energy region have been
carried out at MAINZ [91, 92]. Moreover, an experiment on the γd → π0π0d at the incident energy of
0.55 ∼ 1.15 GeV has been carried out in the Research Center for Electron Photon Sciences (ELPH)
at Tohoku University, Japan, and the new data on dibaryon were released. It is shown that a signal
of the d∗(2380) state with the width of 70 MeV was clearly exhibited in the mass spectrum of π0π0d,
and the corresponding cross section at this resonant point is about 28 nb [93, 94]. Compared with the
observations, our estimated cross section for the total photon absorption is about 20 times smaller than
the data, since the branching ratio of d∗ → π0 + π0 + d is about 14%. It should be stressed that in this
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calculation, we only consider the direct coupling of a photon to one of nucleons inside the deuteron. It
seems insufficient to describe such process. This defect could be partially attributed to the following
reasons. In our calculation of deuteron, the C8C8 and ∆∆ components are very small. Although a
colorless-nucleon pair cannot be directly converted to a colored-C8 pair by a photon in the leading order
approximation, a very small hidden-color component in deuteron can change to a dominant hidden-color
component in d∗ by the action of a photon on the deuteron. The large change in the fraction of the
hidden-color component when d is converted to d∗ implies that lack of this mechanism would partially
affect the loss of the photo-absorption cross section. Another reason could be that due to the existence
of the external electromagnetic field, one needs the coupling of the photon with the meson exchange
current during the excitation of d∗ by the photon in the pn → ∆∆ transition [95–99]. This kind of
interaction, might provide a sizeable contribution to the γd → d∗ transition. Moreover, the action of
a photon on the spin-1 ∆∆ component in deuteron can also generate the spin-3 ∆∆ component in
d∗. Although the ∆∆ component in d is very small, this mechanism might also provide a measurable
effect. In addition, due to the pion-exchange in the time-ordered diagram, the nucleon can be excited
to N∗(1/2+) in D-wave to another nucleon, which might be another factor for the suppression of the
photoabsorption cross section compared with the data. Of course, there might also some other factors
that would affect the photoabsorption cross section, for instance other intermediate processes, the higher
partial wave component in deuteron and ∆, the defect of the quark model in describing the photon
associated process, and etc..
Finally, in order to closely relate the theoretical results with the actual experiments, and to further
obtain the information about other intermediate mechanisms and asymmetric behaviors in the transition
process of γd→ d∗ → pn it is necessary to study the differential cross sections with the polarized photon
and polarized target. These will be done in our future study.
V. SUMMARY
In order to understand the internal structure of the d∗ resonance discovered by CELSIUS/WASA
and WASA@COSY Collaborations, two major structural schemes were proposed recently. One of
them, based on the quark degrees of freedom, considers that it has a compact exotic hexaquark
dominated structure due to the quark exchange effect, and the other, in terms of hadronic degrees
of freedom, believes it as a molecular-like hadronic state. These two structures have been tested in
terms of the experimental data. Up to now, both models can explain the mass, the total width, and
the partial decay widths for all the observed double pion decays of the d∗ resonance. However, for a
single pion decay process, although the observed upper limit of the branching ratio can be explained
by both structure models, the ways of explanation have a difference. Therefore, we need to seek
other physical quantities to distinguish these two different structures for d∗. Of course, the realistic
structure of d∗ might be much more complicated, for instance, our compact hexaquark dominated core
as an essential ingredient is mixed with other ingredients, such as a D12π cloud [20]. This picture
just looks like the commonly believed nucleon where a three-quark core is surrounded by the meson cloud.
The aim of this paper is to find the contribution of d∗ to the total photoabsorption cross section on
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deuteron target by using the d and d∗ wave functions obtained in our scenario. From a theoretical point
of view, our compact picture may not be able to provide enough contribution. This is because that in
the calculated diagrams, we only consider the ∆∆ configuration of d∗, whose probability is about two
times smaller than that of the C8C8 component, since the colorless-nucleon pair cannot be converted
to the colored cluster pair (hidden-color configuration) by a photon in the lowest order approximation.
Then, the estimated total photoabsorption cross section of γd → d∗ at the resonant point of d∗ is just
about ten nb which is much smaller compared with the data. Furthermore, we would mention that the
quark model predictions for the helicity amplitudes of the single ∆ resonance are about 30% smaller
than the experimental data (see Refs. [40, 86–90]). Even if we can make up for the underestimation of
the quark model in some way, the photoabsorption cross section of γd→ π0π0d from the ∆∆ component
of d∗ is around 1 ∼ 2 nb, which is still about one order of magnitude smaller than the currently data of
about 28 nb measured by ELPH and A2 at MAINZ [91–94]. The small signal might be submerged in the
contribution from the background, which comes from the other mechanisms, for instance, the conversion
of the very small hidden-color configuration in deuteron to a dominated hidden-color configuration in d∗,
the coupling of the photon to the meson exchange current, and so on. In particular, as pointed out in the
recent paper [56], the deformation of the ∆ wave function may play an important role in the γd → d∗
transition as well. Inclusion of these mechanisms would enhance the photoabsorption cross section,
so that the cross section of the γd → d∗ transition may become visible. It should be mentioned that
although our chiral quark model has already reasonably reproduced the deformation of wave function
and the E2/M1 ratio for the ∆ resonance [100], for roughly estimating this transition rate of γd → d∗,
we ignore the deformation of the ∆ wave function temperedly. It seems that this deformation effect
in the single ∆ resonance is larger than that from the D− wave component between the two clusters.
Therefore, those mechanisms, especially the contribution from the deformations of the single ∆ clusters,
should be carefully investigated in future. In addition, we should mention that by considering the real
photo-production process, one might also obtain the information of the magnetic moment through the
excitation of the P -shell nucleon in nucleon pair by a photon via a M1 transition as well [56, 101].
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